The Myocardial Supply:Demand Ratio reflects the ratio of subendocardial per fusion to subendocardial oxygen demands. A method is described for calculating and continuously monitoring the Myocardial Supply:Demand Ratio using a digital computer in real-time.
function
In patients following cardiopulmonary bypass surgery a common cause of depressed myocardial performance and death is inadequate subendocardial perfusion.l Monitoring this group of patients with electrocardiography and arterial and venous absolute pressure measurements alone may not facilitate early recognition of subendocardial ischaemia. It is possible for these parameters to remain within the normal range even while ischaemic damage begins to affect pump function. 2 Early recognition of a deficit in subendocardial oxygenation is essential if preventive or corrective action is to be initiated before irreversible damage occurs.)
It has been demonstrated that the ratio of two pressure-time areas which can be calculated from aortic and left ventricular pressure waves, or from aortic and left atrial pressure waves, accurately reflects the ratio of subendorcardial perfusion to subendorcardial oxygen demands. 4 This ratio is known as the Myocardial Supply:Demand Ratio or Endocardial Viability Ratio (EVR). The denominator is the area under the left ventricular pressure wave during systole, called the Systolic Pressure-Time Index (SPTI), or also the Tension-Time Index. 5 This area reflects myocardial oxygen demand (i.e. work done), for states of uniform contractility. SPTI may also be estimated from the area under the aortic pressure curve in systole. Provided that there is no obstruction to aortic outflow resulting in a raised pressure gradient across the aortic valve (e.g. aortic stenosis) aortic pressure derived SPTI will only under-estimate left ventricular derived SPTI by 5-10070. 4 The numerator of the ratio is the area between the aortic and left ventricular pressure waves during diastole called the Diastolic Pressure-Time Index (DPTI). DPTI represents the average driving pressure for coronary perfusion in diastole, and therefore reflects the left ventricular subendocardial blood supply when coronary vessels are maxim ally dilated and unobstructed. 4 For DPTI to accurately represent subendocardial oxygen supply a normal haematocrit and arterial oxygen content must exist. To overcome this problem a modified parameter DPTI x Arterial oxygen content (DPTI x Ca 0,) has been proposed. 6 However, in the presence of a normal haemoglobin concentration the simpler DPTI is adequate. 7 DPTI may also be derived from aortic and left atrial pressure traces since in the absence of mitral stenosis, left atrial pressure should be within 1.0 mmHg of left ventricular diastolic pressure. 4 Use of a left atrial pressure measurement will result in a 5-10070 overestimate in DPTI as can be seen by studying When the ratio DPTI/SPTI falls below a critical value of 0.4 to 0.7 left ventricular subendocardial ischaemia is probable and intervention aimed at improving the subendocardial oxygen supply:demand balance is indicated.
The ratio has been applied to a number of clinical situations, viz., as a prognostic indicator before cardiopulmonary bypass,8 to Anaesthesia and Intensive Care, Vol. IX, No. 1, February, 1981 indicate the need for intra-aortic balloon counterpulsation,2.9 for routine monitoring after cardiopulmonary bypass, 10,1 I to grade the severity of aortic regurgitation 12 and to elucidate a cause of exercise-induced ischaemia. 13 The purpose of this paper is to describe a computer-based DPTIISPTI calculation method which has proven reliable over a large variety of pressure wave forms and can be used in a real-time situation.
METHOD
The procedure to be described makes available the Myocardial Supply:Demand Ratio as a real-time, continuously measured parameter. Development of the technique was carried out using data stored in analogue form on a tape recorder. Data were typically recorded for some time before and after cardiopulmonary bypass. Directly measured pressures available for recording were aortic, radial or brachial artery, right atrial and left atrial, via fluid filled catheter-transducer systems.
The tape recording was replayed, the data recovered, digitised and stored on magnetic disc. The computer system used was a Digital Equipment Corporation LSI-ll with 64 kB of memory, a 20 Mb Pertec disc drive, ADAC 1030 analogue to digital converter, and an ADAC 1412 digital to analogue converter was used to display data on a continuous refreshed oscilloscope display under programme control.
The data management software used is a new programming language called DAOS. * DAOS is particularly suited for use in physiological measurement situations. 14 With DAOS the user is able to acquire, display, store, retrieve and analyse analogue data rapidly. Areas of interest in the data can be identified and analysed by use of a series of machine language macros called by simple commands. A flowchart of the essential elements of the computer programme used to calculate the Myocardial Supply:Demand Ratio is shown in Figure 3 . The method of locating the dicrotic notch on the arterial wave form is a combination of simple mathematics and some a priori knowledge of the characteristics of the waveform. A single cardiac cycle is defined by locating the first minimum, with magnitude 'Distributed by Digital Electronics Pty. Ltd. approximating diastolic pressure, behind consecutive systolic peaks on the trace. On this single cardiac cycle trace the programme then delimits the region in which the dicrotic notch is expected, i.e. in a time region after the systolic peak. This region of the pressure wave is differentiated, filtered and this first derivative (dp/dt) stored. The first derivative is differentiated to obtain the second derivative (d 2 p/dF). The first derivative is added to the second derivative and the maximum point of this sum of dp/dt + d 2 p/dt2, within the specified region, is set as the dicrotic notch position. On a stored pressure trace of the single cardiac cycle the pressure wave is integrated between the beginning of the cycle and the dicrotic notch to obtain SPTl. Between the dicrotic notch and the end of the cardiac cycle the previously determined simultaneously recorded mean left atrial pressure is subtracted from the arterial trace and OPT! obtained by integration.
Accurate automated dicrotic notch detection is the most difficult of the steps outlined. An automated technique needs to be capable of accurate notch detection on a wide range of pulse traces, and the trace must be ignored for ratio calculation if the notch is not positively identified. Theoretically the dicrotic notch should be at a point where the first derivative (dp/dt) is zero and the second derivative (d 'p/ dF) is a positive peak. In practice attempted notch detection by this technique was not as reliable, over a wide range of pressure waves, as using the sum of the first and second derivatives. Small pressure variations in the diastolic portion of the traces tend to obscure the dicrotic notch position in the derivatives. Summing the first and second derivatives cancels out the effect of these small pressure variations and enables points of more significant pressure change, such as the dicrotic notch, to be more readily identified (Figure 4 ). The position of the notch found in this way is actually a few milliseconds on from the true position according to the theoretically accurate estimation. In light of the overall accuracy of the technique, the error introduced by this approximation is not considered significant. In addition quantization noise, and the problems of estimating derivatives by numerical methods on a sampled data signal, introduce insignificant errors into the true notch position determination. Using this method the ratio has been calculated from aortic and left atrial pressures and peripheral and left atrial pressures. The computer programme is designed to automatically reject any data contaminated with artefact and any data in which the dicrotic notch cannot be easily identified.
Once the analytic method had been developed for data stored on tape it was a simple matter to extend the method to data continuously available on-line in real-time. A ratio can be expressed for each pulse wave analysed or as a mean ratio for any predetermined number of pulse waves. Data acquisition is interrupted whilst the ratio is calculated for the predetermined number of pulse waves. In practice if a mean ratio for ten pulse waves is required output is obtained approximately every minute.
EXAMPLES OF OUTPUT
Early examples of data analysis on two patients are included to demonstrate the type of information obtained and its presentation.
The Myocardial Supply:Demand Ratio was calculated from pressure traces recorded before and after total cardiopulmonary bypass. The results are shown in Figures 5 and 6 where the calculated ratio is plotted against an x-axis representing sequentially determined means of five consecutive pulse wave analyses.
The results from the patient having coronary artery bypass grafts show a lower Supply:Demand Ratio after cardiopulmonary bypass. However, the ratio at all times remained above the level regarded as critical for the prediction of left ventricular subendocardial ischaemia.
The second set of results are from a patient having aortic valve replacement for aortic incompetence. While anaesthetised before cardiopulmonary bypass and valve replacement the Myocardial Supply:Demand Ratio remained below the critical level, indicating impaired left ventricular subendocardial oxygen supply in relation to the increased demands imposed by the valvular incompetence. Following aortic valve replacement the increase in the ratio above critical levels is indicative of an improved subendocardial oxygen Supply:Demand balance. Graphical results of real-time calculations such as these can be output to an in-theatre video screen as the pressure data is acquired and analysed. This provides a real-time trend monitor which may assist in patient management during cardiac surgery.
DISCUSSION
The most common technique used in the past to calculate the Myocardial Supply:Demand Ratio has been planimetry of blood pressure waveforms 4 which is a difficult and timeconsuming process not suited for real-time monitoring. An electronic method for continuous on-line calculation of the ratio is now commercially available (Datascope EVR Monitor).
In the calculation of the ratio a most important parameter is the position of the dicrotic notch which separates the systolic and diastolic portions of the waveform. The commercially available electronic method does not incorporate an objective decision-making process: Rather, the operator is expected to "dial up" the position of the notch as a fraction of the waveform. In addition, a left or right atrial pressure measurement has to be input manually. The notch position and atrial pressures are then assumed to be constant for subsequent pulse wave analysis. This method therefore, unless recalibrated, is insensitive to haemodynamic changes which may be significant.
The method as originally described used the aortic and left ventricular pressures in the calculation. Buckberg et al. 4 have shown that it is acceptable, in the absence of aortic outflow obstruction, to use aortic and the higher of left or right atrial pressures. Although both radial artery and aortic pressures were recorded for this study the ratio calculation requires only one. A study is in progress to compare measurements of the ratio from central and peripheral arterial sites and to determine whether peripherally measured ratios are valid.
A potential inclusion for this method is the calculation of stroke volume by the pulse contour method. 15 Integration of the systolic pressure curve is a common feature of SPTI and pulse contour stroke volume calculations. It is envisaged that a combined Myocardial Supply:Demand Ratio and stroke volume trend monitor may provide a practically useful monitoring facility following cardiopulmonary bypass procedures. CONCLUSION A method for calculating the endocardial viability ratio or Myocardial Supply:Demand Ratio has been described. The method requires the use of a general purpose digital computer which currently is large, unwieldy and barely portable. Once this method is proven to be reliable and clinically applicable the algorithm can be incorporated into a small dedicated microprocessor based instrument to perform the same function. The addition of stroke volume would provide a clinically valuable monitoring device for many areas of intensive care.
